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Optical  amplifiers  are  key  elements  in  many  types  of  optical  systems  including  optical  fiber  communication  links  and  laser-based  radars.  Some  of  the 
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pump  wavelength  separation  was  103  nm)  with  40  dB  of  gain.  We  will  try  to  extend  this  further  by  extending  the  wavelength  separation  of  the  two  pump 
lasers  of  the  FOPA.  To  date,  our  results  were  limited  essentially  only  by  our  practical  laboratory  limitations  and  not  by  the  inherent  properties  of  the 
highly  nonlinear  fiber  that  provides  the  gain  medium.  We  now  expect  to  be  able  to  increase  the  pump  separation  to  150  nm  and  beyond  and  then  the 
internal  fiber  parameters,  such  as  fourth-order  dispersion,  zero-dispersion  wavelength  variation  along  the  fiber,  PMD,  and  certainly  stimulated  Raman 
scattering  will  emerge  as  limiting  factors  for  the  possible  gain  bandwidth.  We  may  possibly  evaluate  such  a  very  broadband  amplifier  as  a  gain  medium  in 
a  very  widely  tunable  laser  by  incorporating  it  in  a  cavity  with  external  mirrors.  A  natural  extension  of  our  work  on  saturation  of  FOPAs  is  to  investigate  its 
intensity  regeneration  features,  perhaps  in  particular  in  the  context  of  phase  modulated  signals.  We  will  further  expand  our  work  to  implement  phase- 
sensitive  FOPAs.  While  such  amplifiers  have  intriguing  properties,  in  particular  a  quantum-limited  noise  figure  of  0  dB,  their  implementation  is  very 
challenging.  We  will  approach  this  with  a  so-called  non-interferometric  approach  by  using  three  different  optically  phase  controlled  waves  of  very  high 
coherence  at  the  input  stage. 
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Low  Noise  Optically  Pre-amplified  Lightwave 
Receivers  and  Other  Applications  of  Fiber  Optic 

Parametric  Amplifiers 

Award  No.:  FA8655-1-3076 

Carl  Lundstrom,  Zhi  Tong,  Ben  Puttnam,  and  Peter  A.  Andrekson 

Photonics  Laboratory,  Department  of  Microtechnology  and  Nanoscience 
Chalmers  University  of  Technology 
SE-412  96  Goteborg,  Sweden 

Period  covered:  July  23,  2009  -  July  22,  2010 

Abstract  —  We  report  on  our  progress  in  fiber  optical  parametric  amplifiers  (FOPAs)  in  both  phase-insensitive  (PI)  and  phase- 
sensitive  (PS)  configurations.  Direct  phase-squeezing  performance  was  characterized  experimentally  in  PS-FOPAs.  We  have 
further  developed  a  technique  to  accurately  measure  the  noise  figure  (NF)  of  these  amplifiers.  With  this  we  have  extensively 
characterized  the  spectral  features  of  the  NF  in  FOPAs.  A  record  low  NF  =  1.1  dB  was  measured  in  a  high-gain  (26  dB)  PS-FOPA. 
We  also  propose  the  application  of  PS-FOPAs  in  transmission  systems  which  would  lead  to  up  to  6  dB  link  SNR  improvement. 

I.  Introduction 

PTICAL  amplifiers  are  key  elements  in  many  types  of  optical  systems  including  optical  fiber  communication  links  and 
laser-based  radars.  Some  of  the  most  important  aspects  of  such  amplifiers  are  their  noise  performance,  optical  gain 
bandwidth,  and  power  efficiency.  An  interesting  alternative  to  the  mature  Erbium-doped  fiber  amplifier  (EDFA)  is  the  fiber 
optic  parametric  amplifier  (FOP A),  which  has  significantly  different  characteristics  since  it  relies  on  nonlinear  interaction  in 
a  fiber.  As  a  consequence,  it  can  be  tailored  to  operate,  in  principle,  at  any  wavelength  and  thereby  opens  up  new 
wavelength  bands  for  amplification  with  applications  within  and  outside  telecom.  The  first  CW  pumped  FOP  A  was 
presented  in  [1],  and  was  facilitated  by  the  new  dispersion  controlled  highly  nonlinear  fibers  (HNLF)  and  high  power 
booster  EDFAs.  The  FOPA  can  provide  a  very  wide  gain  bandwidth  [2],  very  high  gain  (70  dB  was  demonstrated  in  [3]), 
and  ultimately  a  0  dB  noise  figure  when  operating  in  phase  sensitive  mode,  even  though  this  is  difficult  in  practice  since  it 
requires  tracking  of  the  optical  signal  phase  [4].  A  phase-sensitive  FOPA  will  also  squeeze  the  signal  phase,  thus  providing 
phase  regeneration.  The  nonlinear  response  time  of  the  FOPA  is  very  fast  (femtosecond-range),  which  may  prevent  it  from 
being  operated  in  saturated  mode  in  wavelength  division  multiplexed  (WDM)  systems  [5],  but,  on  the  other  hand,  opens  up 
many  possibilities  for  multi-functional  all-optical  signal  processing,  besides  pure  amplification,  for  example  pulse 
generation,  de-multiplexing,  wavelength  conversion  and  optical  sampling  [6]. 

The  single  pumped  (or  degenerate)  FOPA  relies  on  a  strong  pump  signal  at  the  wavelength  ^p,  which  should  be  placed 
near  the  zero-dispersion  wavelength,  of  tbe  gain  fiber  for  broadband  amplification  around  the  pump  wavelength.  It  is 
combined  with  a  weaker  signal  at  which  experiences  gain  while  an  idler  wave  is  generated  at  Xi~27^-Xs  when  the  pump 
power  is  transferred  to  the  signal  and  idler  wavelengths,  according  to  Fig.  1. 

Highly  Pump 

nonlinear 


Signal  input,  ^ 

Fig.  1 .  (left)  Schematic  setup  of  the  single  pumped  FOPA  with  the  combination  of  the  pump  and  signal,  (right)  The  principle  output  spectrum  with  the 
generated  idler,  and  noise. 

A  noise  floor  similar  to  the  amplified  spontaneous  emission  (ASE)  noise  in  EDFAs  is  also  generated.  It  is  sometimes 
referred  to  as  amplified  quantum  noise.  Maximum  gain  (at  the  gain  peak)  is  obtained  when  perfect  phase  matching  is 
achieved  in  the  single  pumped  configuration,  and  it  is  approximately  given  by 
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G0  Aexp(2r/y).  (1) 

The  gain  is  lower  close  to  the  pump  wavelength  and  is  approximately  given  by 

G*(yPpL)2.  (2) 

At  the  peak,  the  gain  grows  exponentially  with  the  product  yPpL ,  where  y  is  the  nonlinearity  parameter  (W^km1)  of  the 
HNLF,  Pp  is  the  pump  power  (W)  used  to  excite  the  FOP  A,  and  L  is  the  length  of  the  HNFF  (in  km).  For  a  500  m  long 
fiber  with  a  y  of  10  W^km"1  and  a  pump  power  of  1  W,  one  could  in  theory  reach  a  gain  of  37  dB.  Close  to  the  pump, 
where  the  gain  grows  quadratically  with  pump  power,  the  expected  gain  for  the  same  parameters  is  only  14  dB.  Hence,  only 
over  a  limited  region  around  the  peak  gain  it  can  be  regarded  as  flat.  Note  that  the  peak  gain  wavelength,  the  bandwidth,  and 
the  gain  flatness  depend  on  many  parameters;  for  example  the  wavelength  separation  between  the  pump  wavelength  and  the 
zero  dispersion  wavelength,  the  dispersion  slope,  the  pump  power,  and  the  fiber  length.  It  may  still  be  difficult  to  achieve 
high,  broad,  and  flat  gain  in  practice  due  to  fourth-order  dispersion  and  zero-dispersion  wavelength  variation  in  the  fiber. 
The  double  pumped  configuration  is  more  attractive  if  broad  and  flat  gain  is  desired. 

The  double  pumped  FOP  A  relies  on  two  strong  pump  signals  at  the  wavelengths  and  Xp2,  where  the  spectral  center-of- 
gravity  should  be  placed  near  the  zero-dispersion  wavelength  of  the  gain  fiber  for  broad  and  flat  gain.  They  are  combined 
with  a  weaker  signal  at  Xs,  which  experiences  gain  while  an  idler  wave  is  generated  at  ^rApi+^p2  -Xs  when  the  power  is 
transferred  from  the  pumps  to  the  signal  and  idler,  according  to  Fig.  2.  In  contrast  to  the  single  pumped  FOP  A,  the  gain  of 
the  double  pumped  configuration  can  be  almost  flat  between  the  pumps.  The  flatness  is  determined  mainly  by  the  fourth- 
order  dispersion,  and  the  zero-dispersion  wavelength  variation  in  the  HNFF. 
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Fig.  1.  (left)  Schematic  setup  of  the  double  pumped  FOPA  with  the  combination  of  the  pumps  and  signal,  (right)  The  principle  output  spectrum  with  the 
generated  idler,  and  noise. 


In  the  special  case  of  equal  pump  power,  Ppl=Pp2=Pp,  the  flat  gain  between  the  pumps  is  given  by 

G0  *±exp(4yPpL).  (3) 

Hence,  for  a  total  pump  power  of  Ppi+Pp2  =  1  W  (0.5W  +  0.5W),  a  yof  10  W_1km_1,  and  L  =  500  m,  we  expect  a  signal  gain 
of  37  dB. 

A  FOPA  operating  in  phase-sensitive  mode,  offering  among  other  things  the  aforementioned  0  dB  quantum  limited  noise 
figure,  is  in  principle  constructed  in  the  same  way  as  the  conventional  FOP  As  described  above,  with  the  important 
difference  of  having  the  idler  present  at  the  input.  However,  since  the  interaction  is  dependent  on  the  relative  phase  of  the 
waves,  all  three  or  four  ingoing  waves  must  be  phase-locked,  which  is  the  biggest  challenge  in  implementing  PS-FOPAs. 
Typically,  we  consider  two  different  configurations  of  PS-FOPAs;  the  degenerate-idler  and  the  nondegenerate-idler 
configurations.  In  the  former,  the  signal  and  idler  are  degenerate  and  symmetrically  surrounded  by  two  pumps.  This  case  is 
convenient,  since  there  is  no  need  for  two  waves  carrying  the  same  data,  but  it  is  inherently  a  single  channel  device.  The 
nondegenerate-idler  configuration  can  provide  phase-sensitive  amplification  to  many  signal-idler  pairs  simultaneously,  but 
generating  a  data-carrying  idler  is  challenging. 

In  Sec.  II  we  detail  our  recent  advances  using  parametric  wavelength  conversion  to  generate  widely  separated  pumps  to 
achieve  ultra-wideband  amplification.  It  was  found  that  fundamental  fiber  properties  limited  the  amplification  bandwidth.  In 
Sec.  Ill,  a  detailed  investigation  of  the  noise  performance  of  single-pumped  FOP  As  is  presented.  For  the  first  time,  an 
asymmetric  NF  spectrum  induced  by  both  Raman  induced  excess  noise  and  Raman  modified  pump  transferred  noise  of  a 
fiber  parametric  amplifier  was  measured,  in  good  agreement  with  theory.  In  Sec.  IV,  advances  in  implementing  phase- 
sensitive  (PS)  FOP  As  are  discussed,  and  the  phase-squeezing  behavior  of  PS-FOPAs  is  characterized  in  Sec  V.  In  Sec.  VI, 
we  present  measurements  of  the  noise  figure  of  a  PS-FOPA  in  a  cascaded  configuration.  When  measuring  the  NF  of  the 
signal  or  idler  separately,  a  negative  noise  figure  was  measured.  However,  when  considering  the  combined  signal-idler  mode 
(since  both  need  to  be  present  at  the  PSA  input),  an  NF  of  1.1  dB  was  measured,  still  well  below  the  conventional  3  dB- 
quantum  limit  of  any  conventional  phase-insensitive  amplifier.  Finally,  in  Sec.  VII,  our  ongoing  work  in  implementing  PS- 
FOPAs  as  transmission  amplifiers  is  presented. 
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II.  Ultra- wideband  amplification 

The  parametric  amplifier  can  in  the  dual-pump  configuration  in  principle  exhibit  gain  over  arbitrarily  wide  optical 
bandwidths,  with  spectrally  flat  gain  in  the  optical  bandwidth  between  the  two  pumps.  Furthermore,  the  gain  will  be 
exponential  with  respect  to  the  nonlinear  phase  shift  in  the  fiber.  However,  in  practice  there  will  be  other  effects  that  limit 
both  the  bandwidth  and  the  flatness  of  the  gain.  We  have  invested  a  large  amount  of  work  and  hardware  to  develop  the  dual- 
pumped  FOPA  set-up  shown  in  Fig.  3.  This  allows  us  to  operate  the  dual-pumped  FOPA  over  a  wide  range  of  pump 
separations  (AX),  with  about  1W  of  optical  power  from  each  pump.  In  the  simplest  case,  the  two  high  power  pumps  (X\  and 
X4)  are  amplified  directly  by  a  C-band  and  an  F-band  booster  EDFA,  respectively.  This,  however,  limits  the  attainable  pump 
separation  to  about  70  nm.  To  increase  the  pump  separation  further  one  or  both  of  the  pumps  can  be  wavelength  converted 
using  a  first  stage  single-pumped  FOPA  to  X3  and  X6,  respectively,  outside  of  the  gain  bandwidths  of  conventional  EDFAs. 
By  combining  a  multi-watt  pump  with  a  signal  of  at  least  1W  into  an  HNFF  of  50-100  m  length,  an  idler  wave  of 
approximately  1W  can  be  generated,  and  subsequently  filtered  out  for  use  as  a  pump  in  the  dual-pumped  FOPA  (the  second 
stage).  All  high-power  waves  were  externally  phase  modulated  prior  to  amplification  to  avoid  Stimulated  Brillouin 
Scattering  (SBS).  The  HNFF  used  for  the  double-pumped  FOPA  is  a  state-of-the-art  fiber  and  has  the  following  parameters: 
F  =  350  m,  Aeff  =  9.4  pm2,  S0  =  0.025  ps/nm2km,  =  1561.9  nm,  p4  =  2.5*10"5  ps4/km,  estimated  variation  of  X0  of  below  1 
nm  and  a  measured  differential  group  delay  (DGD)  of  0.031  ps. 


Fig.  3.  Simplified  schematic  setup  of  the  double  pumped  FOPA.  EDFA:  Erbium  doped  fiber  amplifier,  OBPF:  optical  band  pass  filter,  WDM:  wavelength 
division  multiplexer,  HNLF:  highly  nonlinear  fiber.  The  pumps  are  either  directly  injected  into  the  HNLF  after  EDFA  amplification  (solid  lines)  or 
wavelength  converted  in  a  first  stage  HNLF  (dashed  lines). 

We  have  previously  published  results  when  wavelength  converting  one  pump  down  to  the  S-band  (approximately  1511 
nm),  with  the  other  pump  being  directly  amplified  with  an  F-band  EDFA  [7].  In  this  configuration,  the  pump  separation  was 
limited  to  103  nm.  A  flat  (ripple  below  ldB)  gain  spectrum  between  the  pumps  with  a  3dB-bandwidth  of  81  nm  was  then 
measured.  However,  the  flatness  of  the  gain  spectrum  was  very  sensitive  to  the  pump  wavelength  detuning,  with  a  shift  of 
only  less  than  one  nanometer  visibly  distorted  the  gain  spectrum. 

We  have  also  implemented  a  FOPA  with  up  to  150  nm  pump  separation  utilizing  FWM-based  wavelength  conversion  for 
both  pumps.  The  pump  wavelengths  were  ^3  =  1489.3  nm  and  X6  =  1639.8  nm,  while  the  pump  powers  were  approximately 
700  mW  each.  The  pump  wavelengths  were  optimized  to  produce  the  flattest  parametric  gain  possible  between  the  pumps. 
In  Fig.  4  the  total  on-off  gain  (squares),  parametric  gain  (circles)  and  the  Raman  gain  from  pump  1  (diamonds)  are  shown. 
The  parametric  gain  is  larger  close  to  the  pumps  and  decreases  to  less  than  10  dB  over  the  major  part  of  the  center  lobe, 
indicating  that  good  phase  matching  is  not  possible  over  the  entire  center  lobe,  due  to  the  combined  influence  of  fourth-order 
dispersion  and  variations  of  X0.  As  the  peak  Raman  gain  is  also  10  dB  and  located  at  1594  nm,  the  total  gain  spectrum  is 
significantly  distorted  by  the  Raman  gain.  Reducing  the  power  of  pump  1  (Pi)  but  maintaining  the  product  (PiP2)12  can 
improve  the  flatness  of  the  total  gain,  as  the  Raman  gain  produced  by  pump  1  is  reduced,  but  the  parametric  gain  maintained. 
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Fig.  4.  Measured  parametric  (circles),  Raman  (diamonds)  and  total  (squares)  gain  spectra  of  using  a  pump  separation  of  150  nm.  Lines  indicate  pump 
wavelength  allocations. 

We  conclude,  that  since  the  parametric  gain  with  the  Raman  contribution  removed  exhibits  a  large  and  wide  reduction 
in  the  central  part  of  the  gain  spectrum,  this  pump  separation  is  not  possible  to  achieve  with  this  particular  fiber,  despite  its 
very  good  characteristics,  notably  its  low  p4  and  small  variation  of  X0.  The  impact  of  p4  on  the  phase-matching  can  in 
principle  be  compensated  for  by  detuning  the  pump  center-of-gravity  relative  to  the  of  the  fiber,  but  the  existence  of  Co¬ 
variations  reduces  the  ability  to  do  so  accurately.  Furthermore,  the  wider  the  pump  separation,  the  better  accuracy  of  this 
detuning  is  needed.  There  is  thus  a  limit  of  how  much  zero-dispersion  variations  one  can  accept  in  order  to  achieve  flat  gain, 
for  a  given  pump  separation  and  p4F-product.  Reducing  the  length  of  the  fiber  is  one  possible  solution,  since  it  reduces  the 
impact  of  the  fourth-order  dispersion,  and  can  possibly  also  reduce  the  variation  of  C0.  The  pump  powers  will  then  need  to 
be  increased  to  maintain  the  gain.  It  is  well  known  that  further  reductions  in  variation  of  C0  by  improved  HNFF 
manufacturing  tolerances  is  unlikely,  since  the  transverse  geometry  of  the  fiber  can  already  be  controlled  to  within  molecular 
dimensions.  This  thus  poses  a  fundamental  limit  on  the  parametric  gain  bandwidth  in  HNFFs.  The  Raman  process  is  another 
fundamental  effect  that  will  affect  the  gain  spectrum.  While  the  relative  influence  of  the  Raman  effect  will  reduce  if  phase 
matching  is  good  and  the  parametric  gain  high,  this  was  may  not  always  be  possible.  One  way  of  reducing  the  impact  of  it 
may  be  to  position  the  two  pumps  approximately  200  nm  apart  so  that  the  Raman  gain  from  one  pump  and  the  Raman 
attenuation  from  the  other  will  cancel  out  to  some  degree.  In  conclusion,  we  have  now  reached  the  point  where  the  gain 
bandwidth  of  the  dual-pumped  FOP  A  is  no  longer  limited  by  available  pumps,  but  rather  by  fundamental  properties  of  the 
HNFF. 


III.  Impact  of  zdw  variations  on  the  noise  performance  of  fopas  [8] 

Noise  performance  of  fiber  optical  parametric  amplifiers  (FOPAs)  has  been  extensively  studied.  Besides  the  intrinsic 
amplified  quantum  noise  (AQN),  three  main  excess  noise  sources  have  been  reported  to  degrade  the  noise  figure  of  a  FOP  A 
[9],  which  are  Raman  phonon  induced  excess  noise,  pump  transferred  noise  (PTN)  and  pump  residual  amplified  spontaneous 
emission  (ASE),  respectively.  However,  most  of  the  previous  works  ignored  ZDW  fluctuations  in  FOPAs,  which  originate 
from  the  longitudinal  non-uniformity  in  the  gain  fibres,  and  become  an  important  factor  limiting  the  maximum  FOP  A  gain 
as  well  as  bandwidth  [10].  Velanas  et  al.  [11]  simulated  the  NF  spectra  of  FOPAs  with  random  ZDW  fluctuations  by  taking 
into  account  both  AQN  and  PTN.  They  carried  out  numerous  calculations  to  account  for  the  ZDW  statistics  and  then 
obtained  the  average  gain  and  NF,  which  makes  the  analysis  complicated  and  time-consuming.  When  considering  the 
impacts  of  ZDW  distributions  on  FOP  A  NF  performance,  a  problem  is  that  different  ZDW  variations  might  significantly 
change  the  maximum  gain  as  well  as  the  bandwidth,  which  makes  direct  NF  comparisons  unfair  (only  NF  within  the  gain 
bandwidth  is  meaningful).  It  is  better  to  analyze  the  NF  characteristics  with  ZDW  fluctuations  under  the  same  gain 
spectrum.  Marhic  et  al  [12]  have  proved  that  the  FOP  A  gain  is  reciprocal  even  in  presence  of  arbitrary  ZDW  variations. 
This  characteristic  makes  it  possible  to  directly  compare  the  impacts  of  ZDW  distributions  on  noise  performance.  Thus, 
more  general  conclusions  can  be  expected. 

It  can  be  proved  that  the  signal  gain  as  well  as  AQN  remains  identical  regardless  of  the  pumping  directions,  even  with 
Raman  effect  (Raman  gain  is  independent  of  the  phase-mismatching  induced  by  ZDW  variations).  Both  signal  and  AQN 
will  experience  the  same  gain  in  either  direction.  This  is  also  true  after  adding  the  PTN  contribution,  as  PTN  is  related  to  the 
derivative  of  the  FOP  A  gain  with  respect  to  pump  power,  while  this  derivative  remains  unchanged  when  altering  the 
pumping  direction.  However,  the  problem  will  be  more  complicated  when  introducing  the  Raman  phonon  induced  noise. 

In  Fig.  1  we  compare  the  calculated  gain  and  NF  spectra  of  a  typical  FOPA  with  and  without  ZDW  fluctuations.  We  used 
250  m  HNFF  (with  mean  ZDW  2o=1551  nm,  nonlinearity  coefficient  y=\  1.7  W^km"1,  dispersion  slope  £0=0.019  ps/nm2km, 
and  the  peak  Raman  gain  coefficient  is  4.5  W^km"1)  in  calculations  as  the  gain  medium.  We  divided  the  HNFF  into  60 
pieces  to  model  the  ZDW  variations.  The  pump  wavelength  was  fixed  at  1554.5  nm,  the  input  pump  power  was  1  W  and  the 
signal  input  was  -25  dBm  to  reduce  PTN.  Here  we  assumed  a  6  nm  linearly-changing  ZDW  along  the  fiber  to  simplify  the 
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calculations.  This  may  be  a  very  good  approximation  of  stretched  fibers  [13].  From  Fig.  1,  we  can  see  that  the  gain  spectrum 
is  identical  in  both  directions  even  with  ZDW  variations  and  Raman  effect  when  changing  the  amplification  directions, 
while  the  NF  spectra  are  different,  which  clearly  shows  the  noise  non-reciprocity  of  the  FOP  A.  A  flatter  noise  performance 
can  be  obtained  as  the  fibre  ZDW  is  in  the  linearly-decreasing  (from  1554  to  1548  nm)  distribution.  The  reason  is  that  ZDW 
variations  will  affect  the  parametric  gain  at  different  positions  but  not  the  Raman  phonon  induced  noise.  A  longer  ZDW  at 
the  input  (but  still  below  the  pump  wavelength,  otherwise  the  FOP  A  will  become  inefficient)  will  give  a  higher  signal  gain 
around  the  gain  edges  at  the  beginning,  and  thus  improve  the  noise  performance  there,  otherwise  the  Raman  phonon  induced 
noise  which  is  independent  of  the  ZDW  distributions  will  dominate  the  noise  performance  in  the  region  relatively  far  from 
the  pump  wavelength. 


Fig.  5  Calculated  gain  and  NF  spectra  with  or  without  ZDW  variations,  which  were  assumed  to  be  linearly  changing  from  1548  to  1554  nm. 

We  also  experimentally  verified  the  theoretical  simulations.  The  measurement  setup  is  shown  in  Fig.  6.  A  60  mW  output 
DFB  laser  (1554.5  nm)  was  used  as  the  pump  laser,  which  was  phase-modulated  to  suppress  the  stimulated  Brillouin 
scattering.  After  an  EDFA  booster  followed  by  two  cascaded  filters,  the  amplified  pump  was  combined  with  the  signal  by  a 
10  dB  coupler.  To  show  the  impacts  of  ZDW  variations,  we  combined  two  HNFF  spools  with  different  mean  ZDWs  (The 
parameters  are:  HNFF1,  with  L=  150  m,  20=1553.6  nm,  y=  10  W^km"1,  50=0.018  ps/nm2km,  and  HNFF2,  with  L=245  m, 
with  2o=1545.5  nm,  y=11.7  W^km"1,  S0= 0.02  ps/nm2km).  The  output  noise  spectra  of  HNFF1,  HNFF2  and  their 
combination  are  shown  in  insets  (a),  (b)  and  (d)  of  Fig.  3,  respectively,  for  a  1  W  input  pump  power.  The  splice  loss  between 
two  fiber  spools  was  less  than  0.2  dB.  To  change  the  amplification  direction,  one  just  needs  to  exchange  the  input  and  output 
of  the  combined  HNFF  spools. 


Fig.  6  Measurement  setup.  NFA:  Noise  figure  analyzer;  ESA:  Electrical  spectrum  analyzer;  OSA:  Optical  spectrum  analyzer;  PC:  Polarization  controller; 
ATT:  Variable  attenuator.  Insets  (a)-(e)  show  noise  spectra  of  three  individual  HNLFs  with  different  ZDWs,  and  their  combinations,  respectively. 

The  calculated  and  measured  gain  and  NF  spectra  by  changing  the  pumping  direction  are  shown  in  Fig.  7.  The  pump 
input  power  was  about  0.95  W,  while  the  input  signal  was  -25  dBm.  Diverging  NF  spectra  can  be  clearly  seen  at  different 
amplification  directions,  though  the  gain  profiles  are  almost  identical  (the  gain  deviation  is  due  to  the  distributed  HNFF 
attenuation,  which  is  not  included  in  the  theory).  It  should  be  noted  that  this  gain  difference  contributes  almost  nothing  to  the 
NF  non-reciprocity.  A  better  NF  performance  was  obtained  when  using  the  combination  in  HNFF1  +  HNFF2  order,  which 
agrees  well  with  the  theoretical  prediction.  Experimental  results  agree  with  theory  very  well,  and  the  deviation  is  probably 
due  to  the  fiber  PMD  and  the  ZDW  variations  of  two  HNFFs  themselves.  Moreover,  in  Fig.  8  we  compared  the  gain  and  NF 
spectra  in  different  FOPA  directions  by  combining  HNFF2  with  another  200  m  HNFF  spool  (HNFF3,  2o=l 557.2  nm, 
y=11.9  W^km"1,  50=0.016  ps/nm2okm).  The  pump  operated  in  the  normal  dispersion  regime  in  HNFF3.  The  output  noise 
spectra  of  HNF3  alone  and  HNFF2  +  HNFF3  are  shown  in  inset  (c)  and  (e)  of  Fig.  6.  A  strong  NF  non-reciprocity  can  be 
seen  from  Fig.  8,  however,  in  this  case  the  HNFF3  +  HNFF2  combination  (which  placed  the  longer  ZDW  close  to  input) 
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Fig.  7  Measured  and  calculated  gain  and  NF  spectra  in  different  amplification  directions  with  HNLF1  and  HNLF2  combined.  The  NF  contribution  due  to 
the  pump  residual  ASE  was  assumed  to  be  0.6  dB  in  calculations. 


Fig.  8  Measured  and  calculated  gain  and  NF  spectra  in  different  amplification  directions  with  HNLF2  and  HNLF3  combination.  The  NF  contribution  due  to 
the  pump  residual  ASE  was  assumed  to  be  0.6  dB  in  calculations. 


IV.  Phase-sensitive  parametric  amplification 

Phase-sensitive  amplification  have  long  been  known  to  offer  the  possibility  of  amplification  with  a  noise  figure  (NF)  below 
the  3  dB  quantum  limit  of  their  PIA  counterparts  [14].  In  addition,  considerable  interest  in  them  has  arisen  due  to  their 
potential  for  optical  signal  processing,  including  all  optical  phase  regeneration  of  phase-encoded  signals  [15-17],  dispersion 
compensation  [18]  and  coherent  wavelength  exchange  [19].  By  operating  a  PSA  in  saturation,  simultaneous  phase  and 
amplitude  regeneration  can  be  achieved  [17,  20-21]. 

PSA  in  optical  fiber  systems  can  be  achieved  in  a  nonlinear  optical  loop  mirror  [22].  This  interferometric  loop 
configuration  has  been  successfully  used  to  demonstrate  both  sub-3  dB-NF  [4]  and  phase-regeneration  of  phase-encoded 
signals  [16-17].  However,  an  interferometric  PSA  is  inherently  single-channel,  and  thus  not  compatible  with  wavelength- 
division-multiplexed  (WDM)  systems,  and  the  possibility  of  achieving  sub-3  dB-NF  is  complicated  by  their  susceptibility  to 
guided  acoustic  wave  Brillouin  scattering  (GAWBS)  [20].  PSA  can  also  be  implemented  using  four-wave  mixing  in  a  non¬ 
degenerate  fiber-optic  parametric  amplifier  (FOP A),  avoiding  the  above  two  drawbacks  of  interferometric  PSAs.  A  non¬ 
degenerate  idler  FOPA-based  PSA  requires  the  injection  of  three  or  four  waves;  one  or  two  pumps,  and  a  signal-idler  pair, 
which  then  experience  amplification  or  de-amplification.  Several  different  signal-idler  pairs  can  be  phase-sensitively 
amplified  at  the  same  time.  A  schematic  of  this  configuration  is  shown  in  Fig.  10. 
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Fig.  10.  Schematic  of  a  PS-FOPA  in  the  non-degenerate-idler  configuration.  All  three  waves  need  to  maintain  a  stable  phase  relationship  at  the  HNLF  input. 

From  simple  theory  [23]  the  signal  gain  can  be  written  as: 

Gs  =  1  +  2  sinh  2(yPLejy )  +  2  sinh (yPLeff  )  cosh (yPLeff  )  sin (Grei )  ,  (6) 


where  y  is  the  nonlinearity  coefficient,  P  is  the  pump  power  and  Feff  is  the  effective  fiber  length.  The  PSA  gain  or 
attenuation  is  governed  by  the  total  relative  phase,  0 re/,  among  the  three  interacting  waves.  It  is  defined  as  6rei  =2cpp  -  cps-  <ph 
with  cpp ,  cps  and  <j ot  being  the  absolute  phases  of  the  pump,  signal  and  idler  waves,  respectively.  0 rei  is  constant  after  a  PIA, 
regardless  of  the  changes  in  phase  of  the  input  waves,  since  all  three  waves  are  coupled  and  the  ultrafast  response  of  the 
FWM  process  allows  it  to  track  very  fast  variations  in  phase. 

The  interacting  waves  need  to  be  phase-locked  for  proper  PSA  operation,  which  is  a  significant  challenge.  This 
configuration  can  thus  be  emulated  in  a  number  of  ways.  Three  phase-locked  waves  can  be  derived  by  using  electro-optic 
modulation  (EOM)  of  a  narrow  linewidth  optical  source,  producing  multiple  sidebands  locked  to  the  carrier.  However, 
current  EOM  technology  limits  the  bandwidth  achievable  via  this  technique  to  a  few  100  GHz  at  best.  A  wideband  PSA  can 
be  created  by  cascading  two  FOP  As,  generating  a  phase-locked  but  conjugated  idler  in  the  first  FOP  A  (the  so-called  copier), 
and,  with  a  mechanism  for  changing  the  relative  phase  among  the  waves  in  between,  achieving  PSA  operation  in  the  second 
one.  Thus,  the  PSA  can  be  characterized  either  statically  or  dynamically,  depending  on  how  this  intermediate  phase  change 
is  implemented.  However,  it  should  be  noted  that  since  the  generated  idler  in  the  copier  is  a  conjugated  copy  of  the  input 
signal,  it  is  not  possible  to  achieve  any  phase-sensitive  interaction  based  on  the  phase  of  the  input  signal,  since  the  signal  and 
idler  phase  will  cancel  out.  The  phase-sensitive  interaction  can  only  be  dependent  on  the  relative  phase  difference  that  is 
introduced  among  the  three  waves  between  the  copier  and  the  PSA.  It  should  also  be  noted  that  the  NF  of  the  combined 
system  will  be  limited  by  the  3  dB  quantum  limit  of  the  PI  copier  stage. 

In  [24]  we  implemented  a  straight-line  cascaded  copier+PSA  based  on  two  FOP  As.  Using  an  optical  processor  between 
the  copier  and  PSA,  we  could  change  the  relative  phase  statically  between  the  two  stages,  thus  we  could  stably  measure  the 
phase  dependent  gain  of  the  second  stage,  the  first  time  such  a  measurement  was  demonstrated.  We  also  measured  the  gain 
spectrum  of  the  PSA,  and  demonstrated  a  record-high  phase-sensitive  gain  of  33  dB,  and  also  demonstrated  a  PSA  operating 
in  saturation.  All  these  results  show  that  if  the  problem  of  stably  locking  the  ingoing  waves  can  be  solved,  a  FOPA-based 
PSA  can  exhibit  all  the  performance  traits  of  conventional  PI-FOPAS,  while  at  the  same  time  be  phase-sensitive. 

Any  configuration  that  allows  for  phase-sensitive  amplification  in  response  to  a  signal  rapidly  varying  in  phase,  e.g.  a 
multi-gigabit/s  phase-encoded  data  signal  requires  external  phase-locking  among  the  waves.  We  have  implemented  such  a 
setup,  detailed  in  Fig.  11.  Using  a  conventional  single-pumped  FOPA  as  a  first-stage  copier,  three  stably  phase-locked 
waves  are  generated.  By  splitting  the  pump  in  one  arm  and  the  signal  and  idler  in  the  other  using  a  WDM  coupler,  fast  phase 
data  can  be  encoded  onto  the  signal  and  idler  simultaneously.  By  recombining  the  signal  and  idler  with  the  pump,  and 
stabilizing  the  thermally  induced  slow  phase  drift  between  the  arms  using  a  piezo-electric  transducer  (PZT)  in  a 
conventional  phase-locked  loop  (PFF)  setup  stable  phase-sensitive  interaction  can  be  achieved  in  the  second  stage. 
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Fig.  11.  Schematic  setup  of  the  PSA  experiment.  DFB:  Distributed  feedback  laser,  TL:  Tunable  laser,  PC:  Polarization  controller,  PM:  phase  modulator, 
EDFA:  Erbium  doped  fiber  amplifier,  OBPF:  optical  band  pass  filter,  VOA:  variable  optical  attenuator,  WDM:  wavelength  division  multiplexer,  HNLF: 
highly  nonlinear  fiber,  AWG:  arbitrary  waveform  generator,  PZT:  Piezoelectric  transducer.  The  optical  processor  (Finisar  WaveShaper  1000E)  acts  as 
bandpass  filters  centered  around  the  signal  and  idler.  The  signal  and  idler  are  then  phase-modulated  simultaneously.  The  PSA  output  is  also  used  as 
feedback  signal  to  drive  the  PZT. 


Going  forward,  even  more  advanced  phase-locking  schematics  will  be  necessary  to  enable  true  black-box  phase-sensitive 
operation.  We  are  considering  several  ways  to  do  this,  using  e.g.  subsystems  based  on  injection  locked  lasers. 

V.  Phase-squeezing  in  non-degenerate-idler  Ps-fopa 

A  very  intriguing  property  of  a  phase-sensitive  amplifier  is  that  in  addition  to  amplify  or  deamplify  the  signal,  it  will  squeeze 
the  optical  phase  of  the  signal,  depending  on  its  phase.  Since  the  parametric  amplifier  has  an  ultra-fast  response  time  on  the 
order  of  femtoseconds,  this  effect  can  for  instance  be  used  for  phase  regeneration  of  high-speed  data  signals.  Several  earlier 
proof-of-concept  demonstrations  have  been  shown  in  the  literature  [16],  [17],  and  in  [25]  a  black-box  single  channel  phase 
regenerator  was  demonstrated  based  on  this  effect.  However,  the  phase  squeezing  has  only  been  presented  in  terms  of 
sampled  constellation  diagrams,  and  quantified  through  the  signal  quality  improvement,  with  the  signal  artificially  distorted 
by  modulation  with  a  sinusoidal  signal. 

In  this  study,  we  present  the  first  experimental  investigation  of  any  PSA  that  includes  both  phase  and  amplitude 
response,  as  a  function  of  input  phase  [26].  We  also  investigate  the  pump  power  dependence  of  the  phase-squeezing 
properties  and  quantify  the  squeezing  of  broadband  phase  noise.  The  results  were  obtained  by  imposing  a  linear  phase 
modulation  onto  the  signal  and  idler  wave  simultaneously,  and  detecting  the  input  and  output  signal  using  a  self-homodyne 
coherent  receiver.  It  is  shown  that  the  phase  squeezing  is  proportional  to  the  PSA  gain,  in  accordance  with  theory. 

The  copier+PSA  experimental  setup  was  described  in  section  IV.  Additionally,  the  self-homodyne  coherent  receiver  used 
to  detect  and  characterize  the  signal  was  based  on  a  90°  optical  hybrid  in  which  the  signal  and  LO  (tapped  off  from  the 
signal  laser  prior  to  the  copier+PSA  setup)  was  mixed.  Finally,  the  two  hybrid  outputs,  corresponding  to  the  two  quadratures 
of  the  signal,  were  detected  with  two  p-i-n  photo-receivers  and  visualized  on  a  3  GHz  bandwidth  real-time  sampling 
oscilloscope. 

The  phase  squeezing  was  measured  by  phase  modulating  the  signal  and  idler  simultaneously  with  a  sawtooth  wave.  Fig. 
12  shows  the  optical  power  (dashed  line,  logarithmic  scale)  and  phase  (solid  line)  of  the  signal  measured  over  45  ns  at  the 
output  with  the  idler  blocked  in  the  optical  processor,  giving  phase-preserving  PI  operation  (top)  and  passed  through,  giving 
PS  operation  (bottom).  At  the  input,  the  power  is  constant,  while  the  phase  linearly  varies  over  all  phase  states.  At  the  PSA 
output,  the  field  amplitude  is  modulated  sinusoidally,  while  the  phase  is  squeezed  into  two  phase  states,  in  accordance  with 
theory.  The  remaining  phase  noise  around  the  two  output  states  is  attributed  to  an  uncertainty  in  the  relative  phase  at  the 
PSA  input  due  to  the  pump  phase  dithering  to  suppress  SBS.  The  measurement  time  was  not  limited  by  PSA  stability,  but  by 
the  stability  of  the  self-homodyne  coherent  receiver. 
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Fig.  12.  Signal  amplitude  (dashed  line,  logarithmic  scale)  and  phase  measured  in  real  time  in  PI  mode  (top)  and  PS  mode  (bottom). 


In  Fig.  13,  the  calculated  and  measured  output  phase  is  shown  for  different  PSA  on-off  gains,  set  by  changing  the  pump 
power.  The  theoretical  and  experimental  data  agree  well.  It  is  apparent  that  the  amount  of  phase  squeezing  is  related  to  the 
pump  power,  and  thus  the  PSA  gain.  Around  the  squeezing  axis  (the  two  phase  states  giving  maximum  gain  in  the  PSA,  and 
the  center  of  the  flattest  parts  in  the  phase  curves);  the  output  phase  is  compressed  by  approximately  the  same  factor  as  the 
maximum  signal  gain  in  the  PSA.  It  should  be  noted  that  the  relevant  measure  here  is  the  PSA  on-off  gain,  a  lower  net  gain 
(for  instance  due  to  a  large  loss  in  the  nonlinear  medium)  would  not  impact  the  phase  squeezing. 
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Fig.  13.  Measured  (top)  and  calculated  (bottom)  signal  phase  for  PSA  on-off  gains  of  3.5,  5,  8  and  1 1  dB,  respectively.  The  calculated  phases  are  plotted 
versus  input  phase,  the  measured  phases  versus  time  (the  input  phase  was  linearly  varied). 


Finally,  we  investigated  the  reduction  of  phase  noise  in  a  signal  distorted  by  additive  white  Gaussian  noise  (AWGN).  An 
electrical  square-wave  signal  with  added  AWGN  (SNR=3dB)  was  used  to  drive  the  PM.  The  AWG  used  to  generate  the 
signal  limited  the  bandwidth  of  the  signal  to  around  5  GHz.  The  optical  signal  phase  measured  before  and  after  the  PSA  is 
shown  in  Fig.  4.  The  PSA  gain  was  about  8  dB.  The  input  signal  has  less  noise  at  the  lower  phase  level  due  to  clipping  of  the 
electrical  signal,  and  spikes  in  the  output  phase  curve  are  due  to  samples  that  were  close  to  or  on  the  wrong  side  of  the 
transition  phases  (±7i/2).  A  histogram  of  the  signal  phase  is  shown  in  Fig.  5.  The  standard  deviation  in  the  upper  phase  level 
is  reduced  by  almost  a  factor  of  four  which  is  consistent  with  the  results  from  Fig.  3.  It  is  believed  that  the  phase  squeezing 
is  to  some  extent  obscured  by  the  excess  phase  uncertainty,  resulting  from  the  pump  dithering. 
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Fig.  14.  Signal  phase  measured  in  real  time  before  (top)  and  after  (bottom)  PSA. 


We  have  invested  a  substantial  amount  of  time  implementing  the  PS-FOPA  setup  detailed  in  Fig.  11.  It  is  based  on 
simultaneous  modulation  of  a  cw  signal-idler  pair.  Using  a  self-homodyne  coherent  receiver,  the  signal  could  be 
characterized  in  terms  of  both  phase  and  amplitude  before  and  after  the  PSA.  We  performed  the  first  full  experimental 
investigation  of  the  PSA  phase  squeezing  properties  by  linearly  varying  the  input  phase  and  measuring  the  output  phase  with 
a  coherent  receiver.  The  phase  squeezing  was  shown  to  be  linearly  related  to  the  PSA  on-off-gain,  in  accordance  with 
theory.  Moreover,  we  demonstrated  the  squeezing  of  broadband  phase  noise  in  a  PSA  for  the  first  time,  and  showed  a 
reduction  of  the  phase  standard  deviation  by  a  factor  of  four.  Planned  future  extensions  of  this  work  include  the 
investigation  of  phase  regeneration  in  a  saturated  PS-FOPA,  which  would  in  principle  reduce  the  conversion  of  phase  noise 
to  amplitude  noise  due  to  the  phase-sensitive  gain. 

VI.  NF  MEASUREMENT  OF  A  CASCADED  PS-FOPA  WITH  SHOT-NOISE  LIMITED  INPUTS 

One  problem  when  measuring  the  PSA  NF  in  a  cascaded  PIA  +  PSA  scheme  is  that  the  excess  noise  generated  from  the 
PIA  stage  must  be  subtracted  to  meet  the  requirement  of  shot-noise-limited  inputs.  As  a  result  complicated  RIN  subtraction 
method  is  needed  in  the  measurement  [27],  which  makes  the  experiment  less  straightforward.  As  mentioned  in  our  previous 
report  to  EOARD,  the  mid-stage  loss  will  also  affect  the  NF  results.  In  theory  shot-noise-limited  input  can  be  achieved  by 
using  a  large  attenuation  before  the  PSA,  however,  it  will  also  heavily  decrease  the  pump  power  in  a  straight-line 
configuration. 

We  have  solved  this  problem  by  separating  both  pump  and  signal/idler  waves  after  the  copier,  and  then  significantly 
attenuating  and  equalizing  the  signal  and  idler  powers  before  the  PSA  input.  In  addition,  the  gain  of  the  copier  stage  is  very 
small  to  avoid  excess  noise  generation.  Based  on  this  setup,  we  have  successfully  measured  the  lowest  NF  reported  ever  in 
an  optical  amplifier  with  high  gain  (larger  than  10  dB).  It  should  be  mentioned  that  compared  with  a  nonlinear  crystal  based 
PSA,  the  fiber-based  solution  has  less  insertion  loss,  which  makes  it  more  practical  for  real  applications. 


EOARD  Comprehensive  Report,  Award  No.:  FA  8655-06-1-3084 


11 


Fig.  16  Experimental  setup  of  the  PSA  NF  measurement  with  shot-noise-limited  inputs. 


The  experimental  setup  is  shown  in  Fig.  16,  where  we  used  a  very  short  HNFF  (2.6  m)  as  the  copier  stage,  and  then 
separate  the  pump  and  signal-idler  waves  by  using  a  WDM  coupler.  Through  an  optical  processor  we  can  individually 
change  the  amplitude  and  phase  of  the  signal  and  idler  waves.  Finally,  signal,  idler  and  pump  are  combined  again  by  using 
another  WDM  coupler,  and  then  input  to  the  PSA  stage.  A  PZT-based  phase-locking  loop  is  used  to  compensate  the  phase- 
errors  due  to  the  acoustic  noise  as  well  as  ambient  temperature  variations.  Thanks  to  the  optical  processor,  we  can  easily  turn 
on  or  off  the  idler  wave,  which  means  we  can  directly  compare  the  performance  of  the  PIA  and  PSA  modes.  A  5.9  dB  PSA 
gain  improvement  has  been  observed  over  the  PIA  mode,  and  a  -1.9  dB  ±  0.4  dB  signal/idler  separate  NF  (which 
corresponds  to  a  1.1  dB  ‘real’  NF)  has  been  measured  at  a  larger  than  26  dB  PSA  gain  under  the  equalized  signal/idler  input 
power  (signal  input  is  -42  dBm,  and  the  total  input  is  -39  dBm),  as  shown  in  Fig.  17.  The  reason  why  the  NF  starts  to 
increase  at  very  low  input  power  is  probably  due  to  the  residual  acoustic  noise,  which  is  not  completely  compensated  by  the 
PFF  and  transferred  to  intensity  noise  [28].  Another  interesting  result  is  that,  by  comparing  the  signal  NF  in  PIA  and  PSA 
mode,  a  larger  than  5.3  dB  NF  difference  can  be  observed.  Actually,  this  is  a  convincing  proof  that  PSA  can  have  negative 
separate  NF. 


Input  Power  (dBm) 


Fig.  17  Measured  signal  and  idler  separate  NFs  in  PSA  mode  as  well  as  signal  NF  in  PIA  mode  vs.  input  powers. 

We  also  measured  both  gain  and  NF  spectra  of  the  low-noise  PSA  at  the  maximal  gain,  which  is  the  first  measurement 
ever  to  show  the  broadband  capability  of  a  non-degenerate  PSA.  In  Fig.  18,  we  can  clearly  find  that  well  below  conventional 
quantum  limit  noise  performance  is  obtained  over  8  nm  bandwidth,  with  larger  than  26  dB  gain  (34  dB  gain  in  the 
exponential  regime).  It  should  be  mentioned  that  the  amplification  bandwidth  is  only  limited  by  the  waveshaper’s 
bandwidth,  and  larger  amplification  bandwidth  can  be  expected  if  we  change  to  a  better  optical  processor.  In  theory,  a  PS- 
FOPA  can  have  the  same  bandwidth  as  a  PI-FOP  A,  while  the  maximal  gain  will  be  about  6  dB  higher  (in  high  gain  regime) 
and  the  minimal  separate  NF  (considering  signal  or  idler  wave  alone)  will  be  6  dB  lower,  as  shown  in  Fig.  19,  which  directly 
compares  the  maximal  gain  and  minimal  signal  NF  in  PSA  mode  and  PIA  mode  at  different  launched  pump  power. 
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Wavelength  (nm) 

Fig.  18  Measured  signal  gain  and  NF  spectra  of  the  low-noise  non-degenerate  PSA. 


Fig.  19  Comparison  of  maximal  gain  and  minimal  NF  in  PIA  and  PSA  amplification  modes,  respectively,  through  directly  suppressing  the  idler  wave. 

All  the  above  results  are  measured  under  the  equalized  signal  and  idler  input  condition,  which  is  also  the  default 
assumption  in  most  previously  conducted  research.  What  will  happen  if  the  input  powers  are  un-equalized?  It  should  be 
pointed  out  that  the  un-balanced  inputs  can  only  be  realized  in  non-degenerate  PSAs  (two-mode  squeezing). 


Fig.  20  Measured  NF  of  the  low-noise  non-degenerate  PSA  with  un-equalized  signal-idler  inputs.  The  idler  input  is  fixed  at  -36  dBm  in  the  experiment. 

Considering  the  signal-idler  correlation  in  the  parametric  process,  both  the  gain  and  noise  performance  of  signal  and 
idler  are  highly  correlated.  In  Fig.  20,  the  signal  and  idler  separate  NF  curves  have  been  measured  at  different  idler-to-signal 
ratio,  and  the  results  show  that  the  weaker  input  will  have  a  better  noise  performance  as  well  as  PSA  gain,  while  the  noise 
performance  of  the  stronger  input  will  be  degraded.  Thus  the  optimal  NF  can  be  even  lower  than  -3  dB  when  the  inputs  are 
un-equalized,  however  the  combined  NF  is  still  above  0  dB,  and  will  reach  the  minimum  at  the  equalized  point.  The  results 
clearly  show  that  the  combined  NF  which  considers  both  signal  and  idler  NFs  is  a  reasonable  definition  of  noise 
performance  in  a  non-degenerate  PSA. 
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VII.  Transmission  systems  utilizing  PSAs 

It  is  well  recognized  that  PSAs  could  improve  (compared  with  the  use  of  EDFAs)  the  noise  performance  of  fiber  optical 
transmission  links,  however,  most  previous  investigations  focused  on  degenerate  PSAs  which  are  inherently  single-channel 
devices  and  a  3  dB  NF  improvement  can  be  expected.  Considering  the  very  complicated  phase-locking  scheme  required, 
non-transparent  amplification  to  multi-level  phase-coded  signals  as  well  as  the  single  channel  nature,  this  3  dB  improvement 
is  not  so  attractive.  A  frequency  non-degenerate  PSA  can  provide  the  WDM  compatibility,  but  how  to  apply  such  an 
amplifier  in  the  real  link  still  remains  a  big  challenge,  since  more  complicated  phase-control  technologies  are  necessary  to 
build  a  single-stage  non-degenerate  PSA.  Even  though  a  cascaded  copier  +  PSA  scheme  needs  much  less  hardware  to 
perform  phase-locking  as  mentioned  before,  it  has  to  date,  neither  been  considered  particularly  attractive  since  the  general 
understanding  has  been  that  the  cascaded  scheme  will  give  a  worse  noise  performance  than  pure-PSA  based  links. 
Apparently,  to  compete  with  conventional  EDFAs,  PSAs  should  show  substantial  performance  improvement  at  as  low  cost 
and  complexity  as  possible. 

Based  on  our  semi-classical  model,  we  have,  however,  found  that  if  we  apply  this  copier  +  PSA  scheme  to  the  fiber 
transmission  links  (as  shown  in  Fig.  21),  we  will  obtain  a  6  dB  SNR  improvement  compared  to  the  conventional  PIA 
amplified  links,  or  3  dB  improvement  over  the  pure-PSA  links,  when  the  span  number  is  large  enough  [29],  as  shown  in  Fig. 
22.  Here,  a  PI-FOP  A  is  used  as  the  copier  in  the  first  span  (amplifier  +  fiber),  to  amplify  the  signal  as  well  as  to  generate  the 
conjugated  idler.  After  the  first  span,  the  phase-  and  wavelength-locked  signal,  idler  and  pump  waves  are  input  to  the 
following  parametric  amplifiers,  where  non-degenerate  PS  amplification  can  be  achieved.  However,  to  achieve  optimal  PSA 
performance  (highest  gain  and  lowest  NF),  several  practical  issues  need  to  be  addressed:  (i)  The  pump  power  and  phase 
(propagated  along  the  fiber  as  a  pilot  tone)  must  be  regenerated  with  very  low  phase  and  intensity  noise.  This  might  be 
realized  by  using  injection  locking  with  a  high  performance  slave  laser  [30,  31].  (ii)  The  relative  phase  between  the  pump, 
signal  and  idler  should  be  precisely  manipulated  to  obtain  the  maximal  PS  gain,  thus  requiring  perfect  dispersion  and 
dispersion  slope  compensation  plus  accurate  phase- shifting.  The  simplest  method  is  to  use  a  piece  of  SMF  with  proper 
length  [32].  However,  for  WDM  applications,  per-channel  phase  control  is  needed.  Fiquid-crystal  [33]  or  MEMS  [34]  based 
frequency-resolved  phase  shifters  might  be  good  choices  in  such  a  situation,  (iii)  Polarization  tracking  and  adaptive  control 
are  required  at  the  input  of  each  FOPA  since  parametric  amplification  is  highly  polarization-dependent  [35].  (iv)  Phase 
locking  might  be  required  for  recombining  the  regenerated  pump  and  the  signal/idler  wave  before  the  PSAs,  as  shown  in 
Fig.  2,  to  cancel  the  slowly- varying  phase-errors  induced  by  environmental  fluctuations  or  temperature  changes.  Of  course 
the  system  performance  will  be  much  better  if  the  above  functions  can  be  integrated  together.  A  qualitative  explanation  for 
this  counter-intuitive  SNR  performance  improvement  when  using  the  copier  relies  on  two  important  points.  Firstly,  in  a 
long-haul  transmission  system  with  many  spans,  most  of  the  noise  is  induced  by  the  fiber  loss,  and  the  noise  contribution 
from  the  first  PI-FOP  A  will  become  less  important.  Secondly,  for  such  a  cascaded  copier  +  PSA  link,  only  the  signal  wave 
should  be  considered  to  obtain  the  NF  (as  there  is  no  idler  at  the  link  input),  thus  the  NFs  of  the  following  PSAs  can  be 
regarded  to  be  -3  dB  when  the  fiber  loss  is  substantial  (assuming  coherent  inputs  into  each  PSA).  This  is  the  optical 
transmission  link  with  the  best  noise  performance  ever  reported.  Obviously,  this  6  dB  SNR  improvement  means  quite  a  lot 
for  high-capacity  transmission  systems,  e.g.  a  transmission  distance  increase  by  a  factor  of  4,  or  4  times  lower  input  signal 
power  at  the  same  transmission  length  (thereby  also  reducing  the  impact  of  fiber  nonlinearities). 


Fig.  21  Schematic  of  copier  +  PSA  amplified  multi-span  transmission  link.  DPC/PC:  Dispersion  and  polarization  compensation  /  Phase  shifter;  OIL:  Optical 
injection-locked  laser;  PLL:  Phase  locking  loop. 

In  addition,  other  than  the  best  SNR  performance  as  well  as  the  relative  simple  structure,  the  proposed  copier  +  PSA 
scheme  is  also  WDM  compatible,  modulation  format  independent,  and  polarization  multiplexing  possible,  which  makes  it 
very  promising  for  future  ultra-high  capacity  coherent  transmission  systems  that  require  high  SNR.  Moreover,  this  scheme 
can  support  distributed  amplification,  which  could  give  even  better  performance  for  ultra-long  haul  transmission  systems. 
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Fig.  22  Calculated  link  NF  vs.  the  span  number  for  the  cascaded  PIA  +Fiber  +  PSA  +  Fiber  +  PSA  +  ...,  pure-PIA  and  pure-PSA  transmission  systems  at 
different  link  gains. 


J± 


Pump  PLL  and 
regeneration 


Fig.  23  Schematic  of  copier  +  PSA  amplified  ultra-long  haul  single-hop  transmission. 

Other  than  the  multi-span  PSA  transmission  system,  the  6  dB  NF  benefit  can  also  be  obtained  from  another  relatively 
simple  scheme  -  ultra-long  haul  single-hop  PSA  transmission,  as  shown  in  Fig.  23.  In  fact,  this  scheme  can  be  easily 
realized  by  replacing  a  high  gain  copier  stage  in  Fig.  10,  and  using  the  wave-shaper  attenuation  representing  the  fiber  loss. 
With  a  15  dB  copier  gain,  21  dB  PSA  gain  and  36  dB  inter-stage  loss,  we  have  experimentally  proved  the  theoretical 
concept  and  for  the  first  time  successfully  demonstrate  the  6  dB  NF  improvement.  In  Fig.  24,  a  larger  than  5.5  dB  NF 
advantage  can  be  observed  over  8  nm  bandwidth,  compared  to  the  pure-PIA  amplification  (by  suppressing  the  idler)  as  well 
as  the  EDFA  amplification  with  the  same  gain. 


Fig.  24  Measured  total  NF  spectra  of  the  copier+attenuation+PSA,  copier+attenuation+PIA,  and  EDFA+attenuation+EDFA  schemes.  The  net  gain  is 
identical  for  all  three  schemes. 

Furthermore,  we  also  demonstrated  the  WDM  compatibility  of  the  proposed  copier  +  PSA  scheme  in  Fig.  25.  By 
monitoring  the  middle  channel  to  phase-lock  the  interferometer,  we  can  easily  achieve  stable  PSA  amplification  of  the  other 
two  channels.  The  channel  spacing  is  0.8  nm,  and  the  optimal  amplification  is  derived  through  modifying  the  channel  phase 
separately  (via  the  optical  processor).  It  should  be  mentioned  here  that  the  input  signals  are  from  free-running  lasers,  which 
is  the  first  demonstration  of  WDM  amplification  of  non- degenerate  PSAs  at  arbitrary  channel  spacing. 
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Fig.  25  Output  PSA  spectrum  of  WDM  signals. 

VIII.  Conclusions 

We  have  demonstrated  several  new  developments  in  the  field  of  FOP  As.  By  using  a  high  pump  and  signal  power,  a  high 
power  CW  idler  outside  of  the  conventional  C/F-band  EDFA  gain  bandwidth  was  generated.  These  waves  were 
subsequently  used  to  implement  a  dual-pumped  FOP  A  with  ultra-high  pump  separation,  and  its  gain  was  shown  to  be 
limited  by  fundamental  fiber  properties.  We  have  also  detailed  recent  advances  in  the  understanding  of  noise  figure 
performance  of  FOP  As,  including  full  spectral  NF  measurements  of  a  single-pumped  FOP  A,  showing  the  Raman  induced 
asymmetric  characteristic.  Finally,  we  have  also  presented  our  recent  and  ongoing  work  on  phase- sensitive  FOP  As  based  on 
PI-  and  PS-FOPAs  in  cascade.  We  have  measured  the  gain  and  the  NF  of  the  PSA,  and  have  demonstrated  phase  squeezing 
in  a  non-degenerate-idler  PS-FOPA.  A  record  NF  =  1.1  dB  was  measured  in  a  high-gain  (26  dB)  PS-FOPA.  We  are 
currently  investigating  various  applications  of  PS-FOPAs,  including  in  transmission  systems.  Based  on  the  content  in  this 
report,  we  feel  increasingly  confident  that  the  techniques  reported  here  will  find  interesting  applications  in  the  future. 
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